Biomolecular solid-state NMR experiments have traditionally been collected through detection of 13 C or 15 N nuclei. Since these nuclei have relatively low sensitivity stemming from their smaller gyromagnetic ratios relative to 1 H, the time required to collect multi-dimensional datasets serves as a limitation to resonance assignment and structure determination. One improvement in the field has been to employ simultaneous or parallel acquisition techniques with the goal of acquiring more than one dataset at a time and therefore speeding up the overall data collection process. Central to these experiments is the crosspolarization (CP) element, which serves as a way to transfer magnetization between nuclei via magnetic dipolar couplings. In this chapter, we show how residual signal remaining after CP is a polarization source that can be used to acquire additional datasets. The setup of this class of experiments, referred to as Afterglow spectroscopy, is described and demonstrated using a membrane protein transporter involved in multidrug resistance.
Introduction
Solid-state NMR (ssNMR) is a technique used to obtain atomicscale information on a range of solid-like materials, including amorphous powders and materials, nanoparticles [1] , and biomolecular assemblies, such as fibrous aggregates [2] , membrane proteins [3] [4] [5] , viruses [6] , and intact cells [7] . One of the major advantages of ssNMR is the ability to probe macromolecules under native-like environments. NMR spectra of solid samples are dominated by anisotropic nuclear spin interactions, which provide insight into conformation and dynamics on a wide range of timescales. These interactions also complicate the spectra by giving broader spectral peaks, thus preventing site-specific resolution. Lowe and Andrew showed that spectra can be simplified by manipulating the angular part of these interactions, P 2 (cosβ m ) [8, 9] where P 2 is the 2nd Legendre polynomial. Spinning the sample faster than the size of the anisotropic interaction at the angle β m ¼ 54. 7 relative to the magnetic field led to a remarkable improvement in the observed linewidths. This popular technique is known as magic-angle spinning (MAS). The ongoing developments in MAS ssNMR methodology continue to break new boundaries, raising the level of complexity of systems amenable to the technique. The introduction of selective isotope labeling schemes [10] , 1 H detection [11] , progresses in structure calculation protocols [12, 13] , and access to high field and fast spinning instrumentation allows for the acquisition of high-resolution spectra of bio-macromolecular assemblies [14] . Nevertheless, challenges remain for increasing the sensitivity of detecting low-gyromagnetic nuclei such as 15 N and 13 C. Efforts toward speeding up data acquisition while maximizing the amount of information gained from an individual data set include the development of nonuniform sampling (NUS) techniques [15] , improvements in MAS probe technology [16] , and the usage of multiple receivers for simultaneous acquisition techniques [17] .
Solution NMR methodology has also focused on improving sensitivity. On this front, it was shown by Kupče et al. that the weak 13 C signal at the "tail" of a free induction decay can be transferred to 1 H and subsequently detected [18] . This residual or "afterglow" magnetization results in the collection of an additional dataset through the use of a second receiver configured for the 1 H channel. The advantage of this approach is that the recycle delay is much longer than the coherence transfer and detection steps and therefore two datasets can be obtained for the total experimental acquisition time of one. The presence of unused residual polarization was also recognized by Pines et al. in ssNMR experiments involving proton enhanced sequences, where multiple CP free induction decay signals were co-added [19] . However, the residual magnetization was largely ignored as pulse sequence development focused on transferred magnetization and not on signals left behind. In 2012, our lab proposed an approach to use residual signal to boost sensitivity by making use of 15 N polarization remaining after a frequency-selective cross-polarization period [20] . In this experiment, we were able to detect two multidimensional datasets that correlated 15 N with 13 CA and 15 N with 13 CO within proteins by making use of relatively long 15 N T 1ρ and T 1 relaxation times in motionally restricted samples. The final result gave two complementary heteronuclear correlation datasets without any sensitivity loss in the first experiment and without the need for multiple receivers. It is important to note that a complementary but alternative approach to enhancing polarization was proposed by Gopinath and Veglia, referred to as DUMAS [21] . This technique makes use of simultaneous cross polarization from 1 H to both 15 N and 13 C, a shared acquisition period, and subsequent transfer of magnetization for 13 C detection. This powerful method has been combined with the afterglow detection approach to produce up to eight datasets acquired at the same time [22, 23] . Additional efforts in the field have made use of residual polarization in combination with triple cross-polarization periods [24] [25] [26] .
In the following sections, we describe the steps required for conducting afterglow N-CA/CO experiments in proteins. Since we cannot ignore the importance of all steps in acquiring afterglow spectra, we detail our step-by-step procedure of experimental setup and demonstrate the methodology on a membrane protein (EmrE) sample involved in multidrug resistance.
Materials

Sample Preparation
Reagents used for the EmrE MAS sample preparation have been described previously [27, 28] and were purchased from different sources as detailed below.
1.
13 C 6 -glucose and 15 NH 4 Cl, both~99%. For reverse labeling of specific amino acids, e.g., isoleucine and leucine, unlabeled amino acids were added to the growth medium.
3. EmrE was reconstituted into 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC). 
n-octyl-β-D-glucoside (OG
Methods
Adjustment of the Magic Angle
The experimental setup for MAS initiates with the adjustment of the magic angle using natural abundance 13 C glycine (see Note 1). Specifically, the linewidth of the 13 CO signal (~178 ppm) from powdered/crystalline glycine is minimized while adjusting the magic angle (see Note 2). The carbonyl site has a large chemical shift anisotropy and is therefore sensitive to the rotor angle with respect to the magnetic field. The steps below are carried out after determination of the probe power limitations and the 90 pulse widths using isotopically enriched model compounds (see Note 3).
1. Place a full rotor of natural abundance glycine into the MAS probe.
2. Find the optimal contact time and power values for 1 H to 13 C cross-polarization (CP) to ensure sufficient signal-to-noise.
3. Place the spectrometer in "FID scan" mode (Agilent) to display the Fourier transformed 1D 13 C spectrum after each transient. This mode is synonymous with the "gs" command on Bruker spectrometers. Ensure no window function is applied prior to the Fourier transform that would broaden the spectrum. Set the zero-fill number to 65,536 or larger to provide sufficient digital resolution ("si" on Bruker; "fn" on Agilent).
4. Adjust the magic angle in an iterative fashion to obtain a linewidth on the 13 CO signal of less than~40 Hz under a spinning frequency of 12.5 kHz. We also typically use 12.5 kHz MAS for protein backbone triple resonance experiments in our 3.2 mm bio-MAS probe [31] at a magnetic field of 14.1 T (600 MHz 1 H frequency).
Shimming and Chemical Shift Referencing
Analogous to solution NMR experiments, it is imperative to have a homogeneous magnetic field to achieve narrow spectral lines. Similarly, it is important to have a reliable chemical shift reference before proceeding with an unknown sample. Both of these steps for MAS are described below.
Acquire a 1D
13 C CP spectrum of a powder sample of adamantane. Due to the excellent linewidths achievable with adamantane, it is necessary to acquire the FID for~150 ms and lower the power of the 1 H decoupling to a value compatible with the MAS probe.
2. Two signals should be observed in the 13 C spectrum. Reference the more deshielded peak to 40.48 ppm [32] (see Note 4).
3. Using the same adamantane sample, adjust the room temperature shim values to obtain homogeneous and narrow spectral lines. This is done in an iterative manner similar to that described for the glycine sample. A linewidth of 7 Hz or lower can be achieved using the CH 2 peak of adamantane.
Optimization of CP-MAS on the Protein Sample
Nearly all ssNMR experiments begin with a polarization transfer from the abundant 1 H spins to the more insensitive 13 C/ 15 N spins. Below is the way we optimize CP transfers using a one-dimensional (1D) CP-MAS experiment for 1 H to 15 N spins.
The
1 H carrier frequency is set on resonance with the water peak in a direct excitation experiment (4.5-5.0 ppm) 2. RF pulses on the X-channel are first calibrated using model compounds to obtain a full nutation curve for each nucleus. To determine optimal flip angles for the protein sample, a CP sequence followed by a 90 (or 270 ) pulse on the X-channel under 1 H decoupling is applied. The pulse power is adjusted to give a null signal in this spectrum with the optimal value corresponding to the 90 (or 270 ) pulse.
3. A 1 H nutation frequency of 100 kHz (ω 1,H /2π) corresponding to a pulse width of 2.5 μs and a flip angle of 90 is optimized by varying the power level for a 360 pulse (i.e., 10 μs). This is done in a CP experiment by detecting on the X-channel, typically 
Detection of Rotary Resonance Conditions
The rotary resonance condition is the matching of a spin-lock nutation field with the rotational rate used for MAS [33] . This match leads to dephasing by means of chemical shift anisotropy (CSA) or dipolar coupling. Since spin-lock periods are used in CP transfers, a major goal of our setup is to avoid the rotary resonance condition to ensure the most efficient transfers from 15 N to 13 C or vice versa. The pulse sequence we use for detecting the rotary resonance conditions is shown in Fig. 1a [34] . Different than the previous uses of rotary resonance conditions for facilitating magnetization transfer, our goal of using this pulse sequence is to avoid conditions for the double CP transfer steps (see Subheading 3.5). Below are steps to find the optimal half-integer conditions of nutation frequencies relative to the spinning rate. The optimization is demonstrated in Fig. 1b, showing . To achieve a band selective transfer, the irradiation conditions for both rare spin channels are optimized in a 1D N-CA/CO experiment as follows:
1. For band selective excitation, set the carrier frequency to the desired spectral region, i.e., CA at~55 ppm or CO at 178 ppm.
2. To achieve magnetization transfer between 15 N and 13 C nuclei, we initially set the RF amplitudes to 1.5ω r and 2.5ω r for 13 CA and 15 N channels, and 3.5ω r and 2.5ω r for 13 CO and 15 N channels, respectively (see Note 5). The DCP condition for 15 N is set using the steps outlined in Subheading 3.4, which is an empirical way to avoid rotary resonance conditions. In the case for 13 CO, it is preferable to apply a higher power on the 13 C] labeled EmrE protein, using a 2 ms pulse length on 15 N 3. Once the initial power level for the DCP condition is calculated for 13 C, a careful optimization of the RF amplitude on the 13 C channel is carried out using a pulse sequence similar to that shown in Fig. 2a . An example for the optimization of the DCP condition in N-CA experiment is shown in Fig. 2b . In this experiment we have carried out acquisitions on both 15 N and 13 C in a simultaneous fashion using multiple receivers. This is not required for the set-up, but is used to emphasize that optimal transfer to 13 C gives the highest signal-to-noise in 1D datasets and the lowest signal intensities remaining on 15 N. Notably, even after finding optimal transfer conditions, residual polarization remains on 15 N and is the basis for our afterglow experiments (see Subheading 3.7). Lastly, when optimizing selective transfers, it is important to obtain the highest possible signal intensities while ensuring selectivity to either 13 C simultaneous pulses are applied is adjusted from 2 to 6 ms. We normally find optimal values from 4 to 5.5 ms.
Optimization of the Mixing Period for Optional N-CX Correlations
It is often desirable to establish correlations between 15 N and sidechain 13 C atoms. These contacts are obtained by applying a mixing period prior to the detection of the FID acquisition. Magnetization can be transferred efficiently from CA/CO to nearby 13 C atoms by utilizing the dense proton network, commonly present in protein samples (proton-driven spin-diffusion, PDSD). The transfer efficiencies can be further improved upon application of a CW irradiation to The afterglow pulse scheme is shown in Fig. 3 and involves two acquisition periods for the simultaneous detection of 2D N-CA (first acquisition) and 2D N-CO (second acquisition, using residual 15 N polarization). To achieve selective CA-or CO-only detection, the DARR mixing period is set to zero. The optimal pulse widths/powers and initial CP and DCP conditions are found as described above, and are implemented into the current experiment. The two datasets are separated by a 13 C transverse magnetization dephasing period, followed by a 90 pulse on the 15 N channel to store the residual 15 N magnetization along the z-axis after the first DCP. The N-CO experiment is then initiated by a DCP selective transfer from the remaining 15 N signal to 13 CO spins. The latter dataset is effectively "free of charge" and its sensitivity can be evaluated by comparing to the usual N-CA/CO datasets.
The experimental parameters for the afterglow experiment are essentially the optimized parameters described in Subheadings 3.3-3.6. Nevertheless, in practice, it is necessary to re-optimize the power levels on 13 CO in the afterglow experiment in order to achieve maximal signal-to-noise. Figure 4 shows the comparison of pulses. The left and right arrows within the 13 C channel signify the offset positioned on the 13 CA and 13 CO regions, respectively. Phases are:
, and ϕ rec ¼ (x, Àx, Ày, y). To obtain phase-sensitive data in t 1 and t 2 , ϕ 2 and ϕ 3 were phase-shifted by 90 , respectively. After the first FID acquisition, a 5 ms time was allowed to dephase residual standard 2D N-CA/CO with the afterglow experiments collected using the four transmembrane domain protein EmrE in DMPC liposomes.
Benefit of Spectroscopic Filtering with the Use of Afterglow
NMR is an inherently insensitive technique. Acquisition of multidimensional datasets on low gyromagnetic ratio nuclei presents additional challenges that further increase experimental times for protein samples. Thus, the development of parallel acquisition techniques is of high importance in the field. The afterglow scheme is advantageous for the following reasons:
1. It utilizes residual magnetization produced in the course of a "regular" heteronuclear experiment to obtain another dataset that can be complementary for the assignment process of biomolecules.
2. It is a simple scheme that does not require specific hardware modifications, and can be applied in any conventional ssNMR spectrometer.
3. The afterglow sequence acquires two 15 N-13 C correlation spectra using a single recycle delay, which effectively maintains the same overall experimental time with respect to standard datasets. We have described how Afterglow magnetization from residual 15 N signal at the end of a DCP period in 2D N-CA is utilized to obtain a high-quality 2D N-CO spectrum. The comparison between the standard N-CA/CO and the Afterglow N-CA/CO (Fig. 4) acquired on a membrane protein shows the applicability of the methodology to a complex biological system. The signal-tonoise in the afterglow N-CO experiment can be dramatically improved with the usage of sparse isotope labeling schemes (e.g., 1,3-13 C or 2-13 C glycerol labeling) due to the effect of spindilution [41] . Lastly, it is also possible to use the afterglow technique in combination with reverse labeling to further seed chemical shift assignments of congested spectra [41] and for measuring spin relaxation times [42].
Notes
1. It is also common to use potassium bromide (KBr) while detecting the 79 Br signal.
2. The state of glycine crystallinity or polycrystallinity can impact the observed linewidth.
3. Throughout the set-up process it is important to emphasize that high-power probe tuning is performed to minimize the ratio of forward and reflected powers using an oscilloscope.
The ratio between the forward/reflected powers should be equal to or larger than~25/1. 
